The use of multiple spawning fi shes in environmental effects monitoring programs has proven diffi cult for a number of reasons including the inability to predict reproductive investment and ensure synchronous sampling of reference and impacted populations. The estuarine resident northern mummichog (Fundulus heteroclitus macrolepidotus) has been successfully used as a sentinel for effects of pulp and paper mill effl uents in Atlantic Canada and has been proposed for monitoring other anthropogenic impacts. This study investigated the spatial and temporal variability of the somatic parameters used to describe fi sh performance, specifi cally measures of energy use and storage, in estuaries located in Prince Edward Island, Canada. Three sites with varying levels of agricultural input were studied. Fish at all sites depleted their energy reserves over winter, as refl ected in depressed condition, liver size, and gonad size, but then quickly replenished them in May. These population parameters were highly variable throughout the reproductive season and within an estuary. Spawning was continuous at all sites without indication of lunar or other periodicity. We conclude that repeated sampling is required to assess reproductive output in the northern mummichog and densities of adults and young-of-the-year deserve further investigation as a potentially less logistically demanding indicator of eutrophication.
Introduction
A federally legislated aquatic environmental effects monitoring (EEM) program was established in Canada in 1992. Initially developed to assess the effectiveness of the pulp and paper effl uent regulations in protecting fi sh, fi sh habitat, and use of fi sheries resources , it is now being used for metal mines (Ribey et al. 2002) , and has been recommended for use at sewage treatment plants (Kilgour et al. 2005) . The fi sh survey portion of EEM, which evaluates changes in indicators of fi sh growth, reproduction, condition, and survival, was developed for use in freshwater environments with point source effl uents .
The use of the wild fi sh component of the EEM program has not been as successful in the more complex marine and coastal environments . Many estuarine fi shes are highly mobile with both seasonal and/or reproductive migrations making them diffi cult to monitor and decreasing their exposure to point source pollution impacts. Such is the case with the rock gunnel (Pholis gunnelus) which was deemed unsuitable as a monitoring species because of its movement offshore prior to gonadal development (Vallis et al. 2006 ). In addition, species diversity in estuarine environments is often quite low and basic biological information sparse, which further complicates the selection of a suitable monitoring species. Mummichog (Fundulus heteroclitus), a resident and Atlantic Canada native estuarine killifi sh, has been frequently proposed (Courtenay et al. 1998 ) and used as a monitoring species. Mummichog fulfi ll the most desired characteristics of a monitoring species as they are ubiquitous, have been shown to exhibit high site fi delity (Skinner et al. 2005) , and respond to point source effl uents (Leblanc et al. 1997; Thériault et al. 2007) . Mummichog are asynchronous multiple spawners and are thought to follow a lunar or semilunar spawning cycle (Taylor et al. 1979) . However, this lunar/semilunar periodicity may be less pronounced in the more northern areas of the mummichog's range (Wallace and Selman 1981) . In recent studies it has been acknowledged that there are two distinct subspecies of mummichog. The southern morph (Fundulus heteroclitus heteroclitus) can be found in waters from New Jersey to Florida, and the northern morph (Fundulus heteroclitus macrolepidotus) are found from Connecticut to Newfoundland, with some mixing in between in the Chesapeake and Delaware Bays (Able and Felley 1986) . The majority of studies on mummichog reproductive behaviour has been conducted using the southern mummichog or in the more southern areas. Very few studies have looked at the northern mummichog in the upper reaches of its range and those that have had different results both from the southern mummichog and from each other (Fritz and Garside 1975; Penczak 1985; Leblanc and Couillard 1995; Leblanc et al. 1997) .
Multiple spawners provide a unique problem for EEM programs. Much of the development of the EEM wild fi sh endpoints was performed with synchronously spawning fi shes that undergo gonadal recrudescence in fall and winter and thus they can generally be sampled with full gonadal development prior to spawning. Accordingly, the existing EEM guidelines for sampling multiple spawners suggest sampling should be done in the spring prior to their fi rst spawn even though with many estuarine fi shes the most substantial gonad growth has not yet taken place at this time. Studies have shown that sampling estuarine species of this nature just once does not provide suffi cient information concerning reproductive condition for conclusive results. For example, Leblanc et al. (1997) showed a delay in reproductive onset in mummichog exposed to pulp mill effl uent, but that once started, this population surpassed the reproductive output of the reference site populations thereby suggesting that a single sampling is insuffi cient for detecting differences.
Prince Edward Island (PEI), Canada provides a challenging environment to validate wild fi sh population endpoints as most watersheds are dominated by estuaries and most of the environmental stressors are of a nonpoint nature. The Island is intensively farmed with almost 44% of its total land in agricultural production, a large percentage of which is in potato production (PEI DAFAF 2003) . These practices have resulted in severely altered ecosystem habitats and have been the cause of a number of freshwater fi sh kills over the years (Gormley et al. 2005 ). In addition, elevated nutrient loading to the estuaries has resulted in large macroalgal blooms, specifi cally sea lettuce (Ulva lactuca), which often result in decreases in the native seagrasses (primarily eelgrass, Zostera marina) and precipitate anoxic events when the annual algae decays (Crane C, PEI DOE, 2007, Personal communication) . The intensity and locations of these events vary depending on tidal fl ushing, size of the estuary, and magnitude of agricultural nutrient inputs.
The objectives of this study are: 1) to examine the spatial and temporal variability in mummichog populations in estuaries with varying levels of agricultural land use; 2) to determine the onset of spawning, relation to lunar cycle, and the number of times a population must be sampled in order to quantify reproductive output; and 3) to gather information on the basic biology of mummichog in order to better propose how they may be used as an environmental monitoring species.
Methods

Study Sites
Three estuaries from watersheds differentially impacted by agriculture were selected for sampling in December 2006 ( Fig. 1 and Table 1 ). The Wilmot River Estuary, located on the south shore, is in the heaviest potato farming region of PEI, and in 2002 the river experienced two large fi sh kills as a result of pesticide runoff (Gormley et al. 2005) . North Lake Creek Estuary and Trout River (Stanley Bridge) Estuary are both located on the north shore of PEI, and are thus less tidally infl uenced (InfoPEI 2008) . The mean tidal amplitude for estuaries on the north shore is 0.7 m whereas south shore estuaries have mean tidal amplitude of 1.8 m (Cairns 2002) . North Lake is an enclosed estuary that is almost entirely forested and has very little freshwater input. "Stanley," also located in an intensively farmed region, supports a number of commercial mussel (Mytilus sp.) farms, and its upper reaches experience yearly anoxic events (Crane C, PEI DOE, 2007, Personal communication) . Fig. 1 . Map of the three sites used for the temporal study and the fi ve sampling locations used for the spatial study on the Trout River Estuary in Prince Edward Island.
Within the Trout River Estuary, fi ve sites were selected to examine the spatial differences in mummichog populations (Fig. 1) . The fi rst site, "Gunn's Bridge," was located in the upper reaches of the estuary. Water was densely packed with both healthy and rotting sea lettuce. "Trout," 1.2 km downstream from Gunn's Bridge, was almost as densely packed with sea lettuce and had black anoxic sediment. "Confl uence" was located where the three branches of the estuary met. This was a more sandy area of the estuary with very little sea lettuce, and some eelgrass. "Stanley" was the same site used in the temporal part of this study. It was an eelgrass-dominated environment, near a freshwater spring, and adjacent to a mussel farm. "New London" was located just outside a bridge and in the New London Bay which is partially separated by sand dunes from the Gulf of St. Lawrence. Vegetation in this area was sparse with only a little eelgrass found 12 m from shore.
Sampling Methods
All fi sh were collected using a 30-m long, 1.5-m deep, 3-mm mesh size beach seine at low tide, and sweeps were conducted until a minimum of twenty-fi ve male and twenty-fi ve female adult mummichog (total length >35 mm; Fritz and Garside 1975; Kneib and Stiven 1978) were captured. Whenever possible, all sites were sampled in the same day and fi sh were transported back to the laboratory in aerated 20-L plastic pails for immediate processing. Sampling for the examination of temporal patterns was done once in December 2006, repeated weekly from May through July 2007, and then once in both August and September 2007. Fish were killed by spinal severance, and total length (1 mm) and total body weight (0.01 g) were recorded. Fish were dissected and liver and gonads weighed (0.001 g). Ovaries were preserved in 10% neutral buffered formalin until further processing. In the August sampling, each site was sampled at four locations thought to be similar and within close proximity to the original sampling sites. Seining effort was standardized by walking out 15 m, then walking 15 m parallel to shore before returning with the net to shore. All mummichog caught in each seine haul (approximately 225 m 2 ) were separated into two age classes, young-of-the-year (YOY) and adult, and counted. YOY were determined by size (<35mm). Sampling to examine spatial variation within an estuary was conducted at fi ve sites along the Trout River Estuary from July 17 to 19, 2007 using the same methods as previously described except that only adult mummichog (>35 mm) were counted.
Aquatic plant habitat was quantifi ed by visual estimation and the percent cover of the major aquatic plants and algae (eelgrass, sea lettuce, green fi lamentous algae, etc.) were recorded. This estimation was done by running a 15-m transect perpendicular to shore just outside of the seined area. Percent plant coverage of a 0.5 m 2 area was viewed and estimated at 1-m intervals for the length of the transect and averaged to give a single measurement for each site. Assessments were conducted prior to the fi rst June sampling.
Fecundity Analysis
Ovaries of 12 randomly selected mummichog per site per sampling period were dissected and all mature eggs were counted (May through July only). Mature eggs were those in which germinal vesicle breakdown had occurred as indicated by yolk droplets congregated at one pole, and were translucent with yellowish coloration (Kneib 1986; Leblanc et al. 1997; Shimizu 1997) . From eight of the twelve females sampled, egg diameter of eight mature eggs was measured with a computer-based image analysis system (PixeLINK PL-A662, PixeLINK Capture SE) attached to a dissecting microscope (Zeiss Stemi 2000-CS).
Data Analysis
Statistical analyses were conducted independently for each sex. Length, weight, and total YOY and adult density were analyzed using analysis of variance (ANOVA). Data were log 10 transformed to meet assumptions of normality and homogeneity of variance. These were verifi ed prior to analysis using normal probability plots and Bartlett's test respectively. Condition factor, liver size, gonad size, and fecundity data were analyzed using analysis of covariance (ANCOVA) on base-10 logarithmically transformed variables, with body size (length or weight) as the covariate. Only sexually mature mummichog were used in the calculation of these results. The assumption of homogeneity of slope was tested by examining interaction between the covariate and the site/ station variable. Data are presented as indices for ease of comparison. Indices were calculated from the least square mean generated by the ANCOVA divided by the value of the covariate at which the least square mean was calculated. In this manner, the indices presented are a proportional representation of the least square means tested in the ANCOVA. Carcass weight (total body weight minus liver and gonad weights) was used for all analyses. Condition factor was calculated as corrected least square mean body weight/length 3 x 100, gonado-somatic index (GSI) as least square mean gonad weight/corrected body weight x 100, liver-somatic index (LSI) as least square mean liver weight/corrected body weight x 100. Fecundity was calculated as least square mean number of eggs per gram of corrected wet body weight. Reproductive output was determined by calculating the area under the graph (with 95% confi dence intervals) of the average fecundity (+ standard error) of the twelve females as a function of time for the entire reproductive period. All statistical analyses were conducted with SYSTAT 8 software. The critical level of statistical differences for all analyses was assessed at alpha = 0.05.
Results
Temporal Changes in Somatic Indices
Mummichog collected in May had a reduction in condition from those sampled the previous December (1.2 to 0.9; Fig. 2 ). By the fi rst sampling in May gonad sizes had already doubled in size from that of December. Liver size decreased at the North Lake site but not at Stanley. No fi sh were collected at Wilmot during the May 2 sampling period, however, at the May 9 sampling, Wilmot males had smaller livers than those of the previous December. Females doubled their liver size and more than tripled their gonad size within one month (May to June, Fig.  2 ). These organ weights remained high until the middle of July before starting to decline. Liver weight increased again slightly in the early fall. Condition factor increased throughout May, held steady for June, and then increased from July through August before decreasing slightly in September. The female spawning period for all sites, as indicated by the presence of mature eggs (Table 2) , began June 1, which corresponded with a full moon, and lasted approximately six weeks (Fig. 2) .
Male gonad size increased rapidly throughout May (1 to 4%), reached a plateau in June, and then declined rapidly in July (Fig. 2) . Male liver size decreased over winter, fl uctuated throughout May and June, and increased from July through September. Condition factor increased sharply the second week in May and then continually until August when it began to decline. The male spawning period for all sites, chosen based on the fi rst large increase in gonad size until the fi rst major decline, began May 23 and lasted approximately eight weeks.
Between Site Variability
Wilmot fi sh had the lowest condition factor in both males and females, while North Lake fi sh had the lowest GSI (Fig. 2) . Signifi cant differences in LSI occurred throughout the sampling with no site being consistently higher or lower at all times. Spawning was continuous and noncyclical with no lunar periodicity (Fig. 2) . Carcass weight signifi cantly covaried with both fecundity and egg size. Wilmot and North Lake fi sh were signifi cantly larger (both length and weight) than the Stanley females; however, the relationship was inconsistent in the North Lake fi sh in which during several time periods they were much smaller than fi sh at the other sites (Table 3) . There were no signifi cant site differences in the number of mature eggs per gram of carcass weight. Stanley and North Lake had signifi cantly different egg sizes per gram of carcass weight, with Stanley having larger eggs (Table  2) . Wilmot had the highest total reproductive output of 7,435 eggs (95% confi dence interval [CI]: 4,711 to 10,468) while Stanley had the lowest with 4,790 eggs (CI: 3,623 to 5,984). North Lake fell in between with a total reproductive output of 5,235 eggs (CI: 2,848 to 7,799; Fig. 3 ). Population density was signifi cantly higher at the North Lake and Wilmot sites than Stanley, with North Lake having a larger proportion of YOY than either of the other sites (Fig. 4) .
The June 14 th sampling period provided one exception to all the above trends in female mummichog. The Wilmot fi sh had an increase in GSI from 17.6 to 26.4% body weight, which corresponded to an increase of 77% in fecundity (Figs. 2 and 3) . The number of mature eggs per gram of carcass weight increased signifi cantly from 20.4 to 29.2 (Table 2 ). This peak dramatically increased the total reproductive output of the Wilmot site (Fig. 3) .
Variance Among Five Sites Within the Trout River Estuary
The Gunn's Bridge site in the Trout River Estuary had the longest and heaviest fi sh and, for females, had signifi cantly lower LSI (Table 4 ). There were no signifi cant differences in any of the other somatic parameters. In comparison with the lower reaches of the estuary, mummichog population density was signifi cantly higher in the upper reaches (Fig. 5) .
Discussion
This study further describes the life history of the northern mummichog in the southern Gulf of St. Lawrence and suggests that this subspecies is characterized by one major spawning peak rather than by lunar periodicity as in the southern subspecies. Due to the considerable investment of energy in gonad growth immediately prior to spawning in spring, gonad size measurements before this time were of little value in predicting reproductive output. Thus, our study supports the conclusion that, in order to get a reliable estimate of energy allocation to reproduction and reproductive output, northern mummichog must be sampled several times throughout their reproductive season as suggested by Thériault et al. (2007) . Somatic endpoints related to energy storage and utilization were relatively insensitive for the detection of differences in environments, both between and within an estuary. Conversely there were dramatic differences found in northern mummichog population densities which may be a more useful parameter in assessing responses to eutrophication.
Mummichog have recently been recommended as a premier teleost model for environmental effects monitoring (Burnett et al. 2007 ). However, while they have characteristics that make them suitable as a monitoring species, there are clear diffi culties that limit the utility of asynchronous multiple spawners to measure reproductive performance. The current Canadian EEM program guidelines recommend sampling fi sh prior to the initiation of spawning . In single spawning fi sh this is the time when full gonadal development has been reached and fi sh are considered to be synchronous in their development. Thus, measurement of gonad size at this time may provide a good approximation of annual reproductive allocation (Fox and Crivelli 1998) , and any alterations in normal energy patterns which may ultimately affect reproduction Fig. 3 . Average fecundity was determined from twelve females at each site at each sampling time. Average total reproductive output (RO) with 95% confi dence intervals was calculated as the area under the curve for the average fecundity ( SE) at each site. can then be observed. Obtaining information/developing guidelines for the sampling of multiple spawners is much more diffi cult due to the rapid onset of vitellogenesis immediately before and during spawning, as well as due to the paucity of knowledge on the various life histories . Without prior knowledge on the spawning pattern of multiple spawners, an estimation of reproductive allocation cannot be made, making effective monitoring diffi cult (Fox and Crivelli 1998) . The results presented herein confi rm previous suggestions (Thériault et al. 2007 ) that mummichog do not provide enough information to determine site differences with a single sampling event and thus require more frequent samplings in order to be used in environmental monitoring programs.
In the current study, the spawning period of mummichog was continuous and noncyclical. Gonadal maturity, as determined by the presence of mature eggs in the gonads, was reached at the same time at all sites, and although this coincided with a full moon, it is not clear which environmental factors were most important in the initiation of spawning. Based on this information, determination of an appropriate time for sampling in relation to environmental cues was not possible. Lunar cycle, temperature, and photoperiod have all been studied as potential environmental cues, with no consensus being reached on the relative importance of any particular one (Wallace and Selman 1981; Day and Taylor 1984; Taylor 1986; Shimizu 2003) . Strong lunar/semilunar periodicity has been observed in several mummichog populations (Taylor et al. 1979) . However, this periodicity has been less pronounced or absent in the more northern reaches of their distribution (Wallace and Selman 1981; Taylor 1986; Shimizu 1997) and specifi cally in the subspecies, the northern mummichog (Fundulus heteroclitus macrolepidus) . The absence of a lunar/semilunar periodicity in our populations of mummichog may be due to environmental conditions which prohibit longer spawning periods. The spawning period of the mummichog sampled in this study was approximately six weeks. Taylor (1986) found that both timing and duration of spawning seasons differed between populations in various geographic locations, but the water temperature range over which spawning occurred was similar. Sites which reached warmer temperatures sooner had earlier onset and longer duration in the mummichog spawning season. All our sites were in close proximity to one another and varied little in temperature. Furthermore, being in a northern climate, the period of warmer water temperatures and high productivity is compressed. Thus it is possible that to enhance survival of young by providing the maximum scope for growth before winter, the spawning season of mummichog at the northern edge of their range is both shorter and without spawning periodicity.
Mummichog populations sampled in December and again in May showed a large decline in condition factor indicating that they relied heavily on their energy stores over the winter. These stores were replenished during the spring and summer months with the males saving more energy than the females. A similar result was observed by Leblanc and Couillard (1995) in the Miramichi Estuary, New Brunswick, Canada where condition factor increased signifi cantly as the summer progressed, with males doing better than females.
A rapid increase in both gonad and liver weight in females from mid to late May indicated the onset of gonadal recrudescence. The sustained high liver weights concomitant with the gonad growth in females suggests that the liver is actively participating in reproduction. Rinchard et al. (1997) found the LSI to be high throughout the spawning season in the asynchronously spawning bleak (Alburnus alburnus). The vitellogenic activity of the hepatocytes also remained constant throughout the bleak's spawning period, indicating active vitellogenesis. Other studies on mummichog reproduction found the LSI to be increased throughout the spawning period (Selman and Wallace 1983; Cochran et al. 1988 ) and plasma 17β-estradiol (E2) steroid levels to be elevated during this time, further indications that active vitellogenesis is occurring (Shimizu 1997) . Similarly, Leblanc and Couillard (1995) found that mummichog sampled from Horton's Creek, Miramichi Estuary, New Brunswick had high LSI right before spawning, but it decreased throughout the spawning period, with peaks before each major spawn. These peaks corresponded with increases in plasma E2, which again suggests active vitellogenesis. In comparison, our fi sh had notably higher overall LSIs than those sampled by Leblanc and Couillard (1995) , suggesting our mummichog store more energy in their liver while maintaining reproductive output. This may refl ect higher nutrient availability in PEI's estuaries than in the relatively pristine Horton's Creek.
When examined over the entire reproductive season, the reproductive output differed among the sites, with mummichog in the higher percent agriculture area having the largest output. However, this increase in the Wilmot population was largely driven by a single mid-June spike in reproductive activity. The Wilmot females were also signifi cantly larger (length and weight) than the Stanley females though, interestingly, had the lowest condition factors. Fish allocate a base amount of energy for maintenance and survival with any additional energy being spent on reproduction or somatic growth (Gibbons and Munkittrick 1994 ). An increase in the food availability, as would be expected in a eutrophic environment, may result in an increased growth rate, earlier age to maturity, and increased reproduction. The difference in the size of fi sh from the Wilmot site, as well as the increased reproductive output, may be due to such a eutrophication effect.
The density of mummichog was signifi cantly higher in August at the North Lake and Wilmot sites than the Stanley site, with North Lake having a much larger proportion of YOY fi sh than either of the other sites. Sea lettuce was the dominant vegetation at both of these sites and had reached high abundances by the middle of June. Conversely, Stanley had predominantly eelgrass and very little to no sea lettuce for the majority of the summer. Other studies have shown that enhanced macroalgal production/biomass, sometimes as a result of increased nitrogen loading, has prompted increases in mummichog densities (Kneib 1986; Whitman et al. 1997 ). This apparently rapid and dramatic population growth with increasing resources suggests that demographic population endpoints may prove to be more sensitive endpoints to nutrient enrichment than density-dependent physiological endpoints.
Spatially within the Trout River Estuary, the results showed few signifi cant differences among the sites despite their widely ranging habitat and water quality. The environment in the upper reaches of the Trout River Estuary was much different than that of the other sites. These sites were densely packed with sea lettuce, were subject to late summer hypoxia, had very low tidal fl ushing, and no eelgrass habitat. The upper reaches of an estuary are known to be very stressful environments for fi sh populations and are often characterized by lower species diversity and higher fi sh abundances (Araujo et al. 1999) . In this study, the upper reaches of the estuary, Gunn's Bridge and Trout, had much higher population densities than downriver. These data further support the conclusions from the site comparisons that suggest that northern mummichog populations are strongly resource driven and there are few limitations preventing population density from increasing to the limits dictated by the carrying capacity of the environment. Thus, large differences in population density may be a better indicator of effects of eutrophication than somatic changes for this species. Additionally, changes in population density are a higher level effect and therefore more relevant than changes in somatic indices. This may be a useful measure for EEM programs and deserves further study.
